The development of highly oxidation resistant current collectors which are inert against lithium at elevated temperatures (>600 C) and high potentials (3-5 V vs. Li + /Li) is required for the realization of high voltage, thin film, all-solid-state Li-ion batteries. This is due to the method of building such batteries using layer by layer deposition, requiring the first layer to remain stable during all subsequent processing steps. A new cathode current collector based on Cr 2 N thin films and prepared by reactive pulsed DC sputtering at 300 C is reported here. By varying the nitrogen partial pressure in the reactor several Cr x N thin film alloys are prepared and their microstructural and electrical properties are characterized. We demonstrate that the alloy with an estimated composition of Cr 2.1 N exhibits a relatively low sheet resistance of 2.6 U sq À1 for a $500 nm film, high oxidation resistance and no reaction with lithium up to 600 C.
The development of highly oxidation resistant current collectors which are inert against lithium at elevated temperatures (>600 C) and high potentials (3-5 V vs. Li + /Li) is required for the realization of high voltage, thin film, all-solid-state Li-ion batteries. This is due to the method of building such batteries using layer by layer deposition, requiring the first layer to remain stable during all subsequent processing steps. A new cathode current collector based on Cr 2 N thin films and prepared by reactive pulsed DC sputtering at 300 C is reported here. By varying the nitrogen partial pressure in the reactor several Cr x N thin film alloys are prepared and their microstructural and electrical properties are characterized. We demonstrate that the alloy with an estimated composition of Cr 2.1 N exhibits a relatively low sheet resistance of 2.6 U
Introduction
The demand for Li-ion batteries has been accelerated in the last few years due to the mass availability of cheaper and more powerful electronic devices such as smartphones, laptops and other electronic gadgets. Moreover, the fast-growing market of Liion batteries is expected to expand even further owing to the introduction of fully electric vehicles, reaching a predicted market of more than 50 billion USD by 2018. 1 This growth has been accompanied by a strong increase in research and development in the eld, aiming for higher energy densities and faster charge rates. Conventional Li-ion technology relying on a liquid electrolyte seems to be reaching a technological limit, mostly owing to the electrochemical stability issues and geometric restrictions related to the electrolyte, but there is still plenty of room for improvement in the emerging eld of lithium-based solid state batteries.
2 Not only is this technology intrinsically safer than their liquid electrolyte counterpart, but it also has the potential to overcome long-standing problems and limitations related to conventional Li-ion technology. [3] [4] [5] Solid-state batteries can potentially offer a longer lifetime, higher charge/discharge rates, higher output voltage and higher energy density by implementing a suitable combination of materials and 3D (micro)architectures. 5 Furthermore, all-solid-state batteries can be miniaturized for implementation in micro-devices and even made exible, thus expanding their functionality.
5-8
The focus of this paper is on the development of the current collector for the cathode in all-solid-state thin lm batteries. Contrary to conventional Li-ion batteries using a liquid electrolyte, such batteries are fabricated through the sequential growth of several layers, as shown in Fig. 1 , which oen require high temperatures during or aer deposition for proper crystallization. This method places stringent requirements on the cathode current collector which must remain unaffected; specically it must have good electrical conductivity, high temperature stability, corrosion resistance, electrochemical stability and inertness against lithium. Research into such materials for thin lm batteries is rather rare as evidenced by the lack of scientic publications, while cathode current collectors for bulk batteries are already well established due to less demanding processing conditions.
9-11
Some of the functional cathode, electrolyte and anode materials require temperatures above 600 C for proper crystallization. [12] [13] [14] Noble metals such as gold and platinum also alloy with lithium and have a prohibitive cost for use in mass produced batteries.
20,21
TiN has been proposed as current collector for Li-ion microbatteries 22 although it shows poor stability in air at temperatures of 600 C and above. 23 Forming TiO 2 that is vulnerable to reactions with lithium resulting in the formation of Li 4 Ti 5 O 12 .
24
On the other hand, Cr 2 N has good mechanical properties and high thermal stability in vacuum up to 1120 C.
25-27
Furthermore, reactions with lithium is only observed at temperatures above 850 C for long dwell times. The oxidation of Cr 2 N begins between 650-700 C in air. [28] [29] [30] Cr 2 N has so far not been investigated as a current collector despite its promising characteristics such as electrical conductivity which is around 10 times higher than CrN.
In this work thin lms of Cr x N alloys are fabricated by pulsed DC magnetron sputtering, a deposition technique that allows high deposition rates and is industrially scalable. The compatibility of Cr 2 N with the high voltage cathode LMNO is veried by high temperature post-annealing of LMNO thin lms sputtered onto Cr 2 N, followed by assembly and testing of coin cells comprising of a LiPF 6 -based liquid electrolyte and lithium foil as anode. These results pave the way for future efforts on replacing the liquid electrolyte with a suitable solid-state alternative for constructing all-solid-state batteries.
Experimental section
Cr x N thin lms were deposited by pulsed DC magnetron sputtering of a chromium target (99.95% purity, Umicore) in a Balzers BAS 450 PM deposition system. The depositions were carried out at a pressure of 0.3 Pa on boron doped silicon (100) (Prime grade, University wafers), stainless steel coin spacers (16 mm diameter Â 0.5 mm thickness, Grade 316L, Hohsen Corp.), soda lime glass (5 cm Â 5 cm) and aluminum foil (25 mm thick, 99.45% -metals basis, Alfa Aesar) substrates, varying the Ar to N 2 ratio for each composition. Prior to each deposition both the substrates and the Cr target were pre-sputtered for 5 minutes in pure Ar followed by the poisoning of the target with an Ar to N 2 ratio of 3 : 18 (sccm) for 5 minutes. The target power used in all cases was 0.32 W cm À2 , the pulsing frequency was 100 kHz, the reverse time was 2 ms, the total pressure was xed at 0.3 Pa, and the temperature of the substrates was xed at 300 C.
The deposition time for Cr 2 N was tuned to obtain the desired thickness of approximately 500 nm with a rate of $900Å min À1 .
Such a thickness was chosen to ensure a low resistivity of $1. in some cases at 700 C for 1 hour, using in all experiments a 10 C min À1 heating ramp and allowing the samples to cool down naturally. The Mn to Ni ratio was measured by energy dispersive X-ray spectroscopy (EDX). The total quantity of cathode material in each cell was determined by weighing in an analytical balance (Mettler Toledo XS205 Dual Range, 0.01 mg readability) each substrate before and aer deposition of LMNO, obtaining an average of approximately 0.5 mg of LMNO per coin cell measured. SEM images were acquired in a FEG-SEM HITACHI S-4800 working at 5 kV to minimize electrical charging of the layers. EDX spectra were registered at 10 kV using a Bruker XFlash 6|10 X-ray detector with 121 eV resolution at Mn Ka and the standardless quantication was performed with the soware ESPRIT from Bruker. X-ray diffractograms were obtained with a PANalytical X'Pert PRO diffractometer using the CuKa1 radiation in a Bragg-Brentano conguration, while the grazing incidence X-ray diffraction diagrams (GIXRD) were acquired in a PANalytical X'Pert PRO MPD diffractometer using CuKa1. Four-point probe resistivity measurements were done in a NAGY SD-600 sheet resistivity meter on the soda lime glass coated substrates with an error in the measured sheet resistance below 2%. X-Ray Photoelectron Spectroscopy (XPS) measurements were performed with monochromatized Al K-a X-ray source (PHI Quantum 2000 equipment) at room temperature on both Cr 2 N/SS and Cr 2 N/Si samples. The surveys were acquired with 117.4 eV pass energy, and single scans with 29.35 eV pass energy. The latter provides high resolution scans with a full width half maximum of 1 eV. Depth proles were carried out with an Ar + ion sputter gun, at acceleration voltage of 2 kV.
Atomic concentrations were evaluated using MultiPak soware. Electrochemical measurements were conducted in air tight coin-type cells, as in the scheme from Fig. S1 in the ESI, † assembled in an Ar-lled glove box (O 2 < 0.1 ppm, H 2 O < 0.1 ppm). Elemental lithium was employed as both reference and counter electrode in Li-ion half cells. As electrolyte 1 M LiPF 6 (battery grade, Novolyte) in dimethylcarbonate and ethylene carbonate (1 : 1 EC/DMC by weight, Novolyte) with 3 wt% 4-uoro-1,3-dioxolan-2-one (FEC, battery grade, Solvionic) was used. Pre-dried glass microber (GF/D, Whatman, 80 C for 12
hours under vacuum) served as separator. LMNO cells were cycled between 3-5 V vs. Li + /Li. All electrochemical measurements were carried out at room temperature on MPG2 multichannel workstation (BioLogic). Specic capacities and currents were quantied with respect to the mass of the electrode loading.
To test the electrochemical stability of the current collectors the same setup was used. In this case the current collectors were not coated with any electrode material and the electrochemical measurements were performed on aluminum coated with $500 nm of Cr 2 N (Cr 2 N/Al) and bare aluminum for comparison.
Electrochemical impedance spectroscopy (EIS) was performed on annealed (3 hours at 600 C in air) LMNO deposited on Cr 2 N(500 nm)/Si(100). 100 nm thick gold top contacts were deposited by thermal evaporation at a pressure of $10 À4 Pa and a rate of 1.2Å s À1 onto the annealed LMNO, and copper wires were bonded to them with silver paste (see scheme in 
Results and discussion
The evolution of the Cr x N lm composition and resistivity, with respect to the nitrogen-argon ratios during deposition are presented in Fig. 2 . The Cr content was derived from EDX and decreases with with higher N 2 ratios, while the resistivity increases substantially. The lm thickness also decreases with higher N 2 ratios. Above a N 2 /Ar ratio of 1.49 only CrN is obtained and the deposition rate continues to decrease. The thickness variation with the N 2 /Ar ratio is shown in Fig. S2 . † The XRD diagrams in Fig. 3 represent the phase evolution of the Cr x N lms deposited on soda lime glass when x varies from 1 to 2.1, observing a clear phase transition from cubic CrN (JCPDS 11-0065) to hexagonal b-Cr 2 N (JCPDS 35-0803) . 31, 32 For comparison the XRD of a thin lm of Cr prepared using only Ar is also shown in Fig. 3 (JCPDS 019-0323) . 33 The observed changes in the peak intensities, position and width between x ¼ 1 and x ¼ 1.6 can be attributed to differences in nitrogen content in the Cr-N solid solution. At x ¼ 1.7 there seems to be a coexistence of the cubic and hexagonal phases, while at x ¼ 1.9 the shoulder at the right of the Cr 2 N(111) peak could be a reminiscence of the cubic phase. For x ¼ 2.1 only the peaks assigned to Cr 2 N hexagonal phase can be observed. The asobtained Cr 2 N is a polycrystalline lm with a slight preferred orientation in the (110) direction with a Lotgering factor of F(110) ¼ 0.17, 34 and the observed peaks are shied compared to the reference pattern which might be attributed to residual stress in the lm (Fig. S3 †) . We observe that the phase evolution in Fig. 3 corresponds well to the x value obtained via EDX.
The microstructure change of Cr x N thin lms grown by pulsed DC magnetron sputtering was studied by SEM, revealing a noticeable difference in the microstructure and surface roughness of the lms with different Cr content (Fig. 4a-d) . The lm cross-sections present a columnar microstructure for the CrN and Cr 2.1 N cases as seen in Fig. 4d . In the intermediate composition between Cr 1.2 N and Cr 1.7 N the columnar features become less dened as the composition reaches a value close to Cr 1.6 N giving rise to more compact lms (Fig. 4d, S4 and S5 †). At x ¼ 1.7 the columnar features begin to reappear (Fig. S4 †) which may be caused by the phase transition to Cr 2 N (Fig. 3) . This correlates well with the XRD diagrams from Fig. 3 where it can be observed that, for x ¼ 1.6, only a broadened CrN(200) peak is present. The higher deposition rates resulting from a lower N 2 content in the gas mixture are offset by the growing density of the lm as it changes to Cr 2 N. This results in a higher growth rate at higher x values. SEM images for other intermediate compositions can be found in Fig. S4 and S5. † The sheet resistance of Cr 2.1 N thin lms of 489 nm was determined to be as low as 2.6 U sq À1 , which is close to the estimated bulk value (data points and tting shown in Fig. S7 †) . Furthermore, as the thickness of these layers increased, they evolve towards a more columnar and porous microstructure, presenting fully developed curved columns at $300 nm, as a result of our deposition conguration (moving substrate), as observed in the SEM images in Fig. S6 † (SEM normal views in Fig. S8 †) . For the sake of simplicity and to emphasize that the chromium rich composition obtained corresponds mainly to the Cr 2 N phase, Cr 2.1 N will henceforth be referred to as Cr 2 N. Electrochemical characterization of Cr 2 N lms was performed on Al foil substrates (Cr 2 N/Al) aiming to simplify cell assembly using coin cell conguration. Aluminum foil is a commonly used cathode current collector in lithium ion batteries which is highly resistant to oxidation and has good electronic conductivity. The morphology and resistivity of Cr 2 N/ Al lms was identical to those formed on silicon and glass. Electrochemical stability measurements of Cr 2 N/Al lms were done by cyclic voltammetry (CV) at a slow scan rate of 0.1 mV s
À1
to reveal any signs of oxidation of Cr 2 N. The measurements in Fig. 5a and b show that during the rst cycle both Al and Cr 2 N/Al current collectors have very low current density (about 10-20 mA cm À2 ) in the whole 2-5 V voltage range even at very high potentials proving high resistance to oxidation in Cr 2 N/Al lms. Small signs of oxidation observed in Fig. 5a and b above 4.5 V vs. Li + /Li for both Cr 2 N/Al and Al current collectors can be assigned to the decomposition of the LiPF 6 electrolyte itself, 35 whereas the anodic peaks at 3.7 V and 4.2 V during the rst cycle are usually attributed to the passivation of Al (note that Cr 2 N/Al has only one side coated with Cr 2 N).
11 Moreover, aer only 3 cycles Cr 2 N/Al current collector shows almost complete passivation evidenced by a negligible current density in the CV, closely resembling the behavior of Al.
11
In order to address the high temperature oxidation and lithium resistance of the Cr 2 N current collector, GIXRD and XPS studies were performed on LMNO/Cr 2 N. The high potential cathode material LMNO was deposited by RF-magnetron sputtering at a substrate temperature of 220 C. At this temperature and low pressure (0.05 Pa) it is expected that the LMNO thin lm presents a growth according to zone T in Thornton's structure zone model, i.e. not well dened brous grains, which is in agreement with SEM observations in Fig. S10 , top. † 36 Moreover, there is a diffuse interface between LMNO and Cr 2 N of roughly 50 nm (Fig. S9a †) . The observed nano grains on the surface (Fig. S9b †) correlate well to the wide full-width-half-maximum observed in the XRD of the as-prepared LMNO (Fig. S9c †) . Aer annealing at 600 C for 3 hours signicant changes occur to the LMNO/Cr 2 N multilayer as evidenced in the SEM cross section in Fig. 6b and described below. Compared to the as-prepared sample (Fig. S9a, b and S10, † top), the LMNO/Cr 2 N interface of the annealed sample is considerably thicker and has a higher porosity, while the Cr 2 N columns are now fused. In addition to microstructural changes in the thin lms, a polycrystalline second layer of LMNO can be seen aer annealing. On the original LMNO lm surface a large number of crystals form which increase in size up to $500 nm as the temperature is increased to 700 C (Fig. S10 , bottom, and S11 †).
The preferential diffusion of different cations towards the surface of LMNO has already been reported by Shin D. W. et al. and was attributed to the a possible structural stabilization driven by the surface free energy (s). 37 s can be lowered by the presence of particles of different chemical nature to the surface, leading to the growth of surface crystals by heterogeneous nucleation. 38 This phenomenon could explain the formation of crystals at 600 C ( Fig. 6b and Fig. S10 , † middle) which is caused by the diffusion of chromium towards the surface and subsequent nucleation (see Fig. 6c ). At 700 C (Fig. S10 , bottom, and S11 †) large crystals grew at the LMNO surface in expense of Cr (from Cr 2 N) and LMNO, that now evidence a higher porosity.
The diffractogram in Fig. 6a for LMNO(500 nm)/Cr 2 N (500 nm)/ SS annealed at 600 C for 3 hours indicates that LMNO is crystalline. For a grazing angle of 1 all the main peaks related to the Fd 3m cubic spinel structure are clearly present (JCPDS 80-2162) and in perfect agreement with previously reported studies on LMNO layers deposited by sputtering. However, we are unable to distinguish whether the observed diffraction peaks originate from the surface crystals, the LMNO lm, or a combination of both due to the proximity of Cr-doped LMNO lattice parameters 39, 40 On the other hand, when the angle is increased to 5 the peaks coming from the Cr 2 N current collector and stainless steel substrate are observed unchanged by the annealing treatment. A thicker Cr 2 N layer (1200 nm) has been chosen for the XRD analysis for a more pronounced view of the evolution of the Cr 2 N peaks, but the cells for electrochemical measurements were fabricated using a thinner Cr 2 N layer (500 nm). For temperatures of 600 C and above the surface area is increased due to the aforementioned formation of crystals which might lead to an enhancement of the performance at high cycling rates. The XPS sputter-depth proles (Fig. S13 . †) for LMNO(500 nm)/Cr 2 N(500 nm)/SS annealed at 600 C for 3 hours revealed Cr incorporation into LMNO and some oxidation of Cr 2 N evidenced by the shoulder at higher binding energies in the Cr peaks around the 40.5 minute mark and a still prominent oxygen signal (Fig. S13 †) . Note that the nitrogen signal appears at this mark, indicating a coexistence of chromium oxide and chromium nitride at the interface, while at the 35.5 minute mark there is no nitrogen detected while the oxygen peak at lower binding energies can be assigned to a chromium oxide species (not incorporated into the LMNO). The atomic ratio calculated obtained from the XPS sputter-depth prole (Fig. S13 †) is displayed in Fig. 6c , where it can be seen that the concentration of Cr is higher at the LMNO surface (sputter time 0, dashed line) in line with our hypothesis regarding the formation of crystals at the LMNO surface and the previously reported surface segregation observed for Cr-doped LMNO. 37 The Mn/Ni ratio lies around 2.6 at the bulk of the LMNO while the N/Cr ratio (at the 50.5 minute mark) gives an approximate composition of the alloy of C 2.4 N, in good agreement with EDX data (Table ST1 †) and in line with the GIXRD diagram from Fig. 6a . The dashed rectangle in Fig. 6c has been included to give an idea of the LMNO-Cr 2 N interface region. In the case of the 1 hour thermal treatment at 700 C the concentration of Cr in the LMNO lm is even higher than that of Ni, indicating a heavier oxidation of the Cr 2 N current collector as evidenced in Fig. S14 † by broadened Cr peaks throughout the entire analyzed depth and a more intense oxygen peak even aer 95 minutes of sputtering, and a much higher Cr/Mn ratio (Fig. S15 †) . In addition, this higher concentration of Cr is correlated with the presence of larger crystals when compared to the 600 C thermal treatment for 3
hours. However, Cr doping has been demonstrated to be an effective way to stabilize the LMNO cathode, so it can expected that the incorporation of a certain amount of this element into LMNO has no negative effect on its performance. 37 XPS surveys can be found in Fig. S12 . † In order to assess the electrochemical characteristics of the LMNO/Cr 2 N multilayer, through-plane EIS was carried out. Aer annealing the multilayer for 3 hours in air at 600 C, 100 nm thick gold top contacts were deposited via evaporation onto the LMNO and copper wires were bonded to them with silver paste as shown in the scheme of Due to the high frequency here, it is likely that this response is caused by electronic transport. Therefore we assign this value to the charge transfer resistance at the interface between the current collector and cathode. Although this resistance value is higher than for pristine Cr 2 N, it is comparable to optimized interfaces in solid state battery systems which require high temperature processing. 41 The second arc, with a resistance of 658 U cm 2 and occurring at 919 Hz could correspond to movement of lithium ions in the LMNO. When factoring in the LMNO thickness of 500 nm a Li-ion conductivity of 7.6 Â 10 À8 S cm À1 is calculated. This corresponds well to other values found in literature.
42
The CV curves of pure LMNO thin lms (no binder or carbon black added) aer annealing at 600 C for 3 hours in Galvanostatic voltage proles show very clear dischargecharge plateaus with reduced hysteresis aer cycle 10 (Fig. 7b) . The cycling behavior of LMNO annealed at 600 C (Fig. 7c) depends strongly on the cycling rate, exhibiting the highest initial capacity but also fastest capacity fade for the lowest rate of 1C. At 5C the initial capacity is noticeably lower as expected due to the low ionic and electronic conductivity of LMNO, 42 and the fast charge rate (equal to the discharge rate). The faster degradation at lower rates suggests that the longer time spent at higher voltages is a contributing factor. This degradation can be assigned to the partial oxidation of liquid electrolyte and to the reaction/dissolution of Ni or Mn ions into the liquid electrolyte since we previously established the stability of Cr 2 N in this potential range (Fig. 5b) , [44] [45] [46] and to the presence of truncated particles on the LMNO surface (Fig. S10 , † middle and bottom), besides octahedral ones, which have been reported to cause a poor performance/ cyclability of LMNO.
12 In addition, the cycling for the lm annealed at 700 C for 1 hour performed better (Fig. 7c), showing the slowest capacity fade and the highest coulombic efficiency probably because of an enhanced stability of the spinel structure upon cycling due to a higher incorporation of Cr 3+ into LMNO ( Fig. S14 and S15 †) and bigger particle size at the surface, which in turn reduce the surface area (Fig. S10 , † bottom). 47 Note that the formation of LMNO thin lms is not fully optimized. In order to considerably increase the performance of these cells it is mandatory to substitute the liquid electrolyte, which is unstable at high voltages, with a solidstate-electrolyte as demonstrated by J. Li et al. View Article Online
